Abstract: Diffusion coefficients of Ca(NO 3 ) 2 in its passage through the set of porous glass membranes at 20-70 o C were determined and discussed in terms of the structuring of the water boundary layers near the silica surface.
Introduction
It is almost evident that the diffusion coefficients D of substances in the fine-pore hydrophilic membranes are lower than those in their aqueous solutions and, the smaller the cross-section of membrane channels, the stronger the influence of their surface on the diffusion mobility. However, in a quantitative plane, this statement is to be verified only by performing experiments with membranes of the same chemical nature but with different closely controlled structural parameters. Such experiments can be realized using porous glass (PG) membranes prepared by consequent acid and alkaline etching of liquated sodium borosilicate glass. [1] [2] [3] Special convenience of PG for the purpose of revealing dimensional features of the diffusion is that it is suited for the production in the form of thin plates/membranes with through channels of controlled radius, which may be varied over a wide range. [3, 4] The quantitative dimensional peculiarities of aqueous salts solutions diffusion transport through the set of PG membranes with varied pore radius (r p ) have been studied only in our works. [3, 5, 6] The base of the results interpretation and numerical simulation was proposed in the form of the equation:
where D ∞ is the diffusion coefficient in bulk solution, and K s (nm) is the dimension parameter characterizing the extent to which the silica surface affects the structure and properties of a particular solution.
In this communication, one specified example of such experiments and discussion of the results is proposed.
Experimental
The PG membranes were prepared in the form of thin (1 mm) disks/plates 25 mm in diameter. To obtain desired parameters of the membranes porous structure (Table 1) , DV-1M glass of composition (mol %) 7Na 2 O·23B 2 O 3 ·70SiO 2 .was subjected to special thermal treatment and subsequent acid and base etching under controlled conditions. [3, 4] In the diffusion studies membranes were fixed between two cells: the receiving cell full of twice distilled water and the feeding cell full of aqueous Ca(NO 3 ) 2 0.5M solution. The diffusion dynamics was judged from data of continuous analysis of the salt amount in the receiving cell by EDTA titration. In the experiments, the system was thermostatically controlled in the range 20÷70
• C and solutions in both cells were continuously stirred. 1 h as shown by typical results in Figure 1 . The concentration gradient was taken equal to
where h = 1 mm is the thickness of the membrane, and c in is the inlet solution concentration, which far exceeds the current solution concentration in the receiving cell c out . In the calculations of the diffusion coefficients D, the stationary flux through a membrane was expressed, in accordance with the first Fick's law, as
where the free cross-section of the membrane (s) was taken equal to its geometrical area corrected for the known porosity δ ( Table 1 ). Selected results demonstrating the steady state of the process and the general, on the whole, type and extent of the influence exerted by temperature on the rate of the diffusion transport of Ca(NO 3 ) 2 are shown in Figure  1 in case of PG with a pore radius r p = 4.5 nm. The temperature dependencies of the diffusion coefficient D in a set of membranes, calculated using these and similar data, are shown in Figure 2(a) .
The most pronounced decrease in the salt mobility, which characterizes the hindrance to diffusion in the near-boundary layer of the pore solution, is observed in pores with small radius and is reliably recorded at moderate experimental temperature. The rigidity of the network of hydrogen bonds in the near-wall water, imposed by the silica surface [7, 8] diminishes, on the whole, the mobility of pore solution components. As for the increase in the diffusion coefficients with temperature, it is accompanied by their progressive convergence to become virtually coinciding, with D = (29.5 ± 0.5)·10 −6 m 2 /s at ∼70 • C. The dependencies (Figure 2(a) ) characterize the activation of the thermal mobility of the pore solution, which overcomes the structuring effect of the membrane channel walls. The disintegration of the boundary layers of the solution is, thus, complete as a temperature of approximately 70
• C is reached. Thus near this temperature, the properties of water in narrow pores of silica cease to be different from those of the bulk liquid. [7, 8] It should be noted that the D(T) dependencies are not almost linear in the Arrhenius equation coordinates (Figure 2(b) ). This is a reflection of the pronounced structural and energetic inhomogeneity of the pore solution, preserved up to a temperature of 70
• C, at which the properties of the solution in the membranes are completely equalized, irrespective of the size of transport channels. Nevertheless, the run of the lnD(1/T) dependencies clearly demonstrates that the energy expenditure substantially increases in the course of a gradual thermal disintegration of the near-wall layers of the solution. This can be additionally confirmed by estimating the conditional activation energies E * of the diffusion, with the gently and steeply sloping portions of the lnD(1/T) dependencies approximated by straight lines. The results presented in Figure 3 clearly demonstrate both a significant rise in E * in the range of disintegration of the nearwall layers of the solution and a general enhancement of the hindrance to diffusion in small-radius pores. The dependencies of the diffusion coefficient of Ca(NO 3 ) 2 on the pore radius of PG membranes are completely described by Equation (1) which is confirmed by the clearly pronounced linearity of their plots in the lnD(1/r p ) coordinates in the entire temperature range 25÷70
• C (Figure 4 ). The asymptotics of Equation (1) reflects the physically justified conditions: D→D ∞ at r p →∞ and D→0 at r p →0 and shows that the rule D = 0.368 D ∞ is satisfied at r p = K s , i.e., the long-range-action parameter of the surface is numerically equal to the pore radius of the glass membrane in which the diffusion coefficient of the solute is approximately 2.7 times smaller than its value in a free solution.
Processing of the isotherms (Figure 4) gives values of K s and D ∞ ( Table 2) . The values D ∞ characterize the influence of temperature on diffusion of Ca(NO 3 ) 2 in bulk solution which finds confirmation in a strictly linear relationship lnD ∞ (1/T) shown in Figure 5 . Activation energy in this case E * = 20 kJ/mol is close to its value in case of diffusion in membrane with pore radius 70 nm Figure 4 . Dependencies of the diffusion coefficient of (Figure 3 ). In turn, the numerical value of K s , characterizing the effective thickness of the boundary layer of a solution, demonstrates its considerable length at 25
• C (K s = 4.6 nm) and near total destruction (K s = 0.2 nm) when temperature reaches 70
• C. Thus, the maximum hindrance of Ca(NO 3 ) 2 diffusion at 25
• C in PG with pore radius of 4.5 nm (Figure 2-4 ) is due to the full overlapping of boundary layers. It may also be noted confidently predicted growth of K s at temperature below 25
• C (Table 2) , reflecting the increase in the proportion of layer structured by silica surface in the overall content of the pore solution.
Conclusion
Our study of transport of aqueous solution of Ca(NO 3 ) 2 across porous glass membranes revealed a substantial decrease in the diffusion coefficient (D) of The activation of the thermal mobility of Ca(NO 3 ) 2 solution in PG membranes on raising the temperature of the experiment to 70
• C leads to total disintegration of the boundary layer, with the structuring effect of the surface on the diffusion transport of the salt eliminated.
The exponential dependence (1) entirely fits experimental data.
